A Ge-bridged methylviologen derivative (GMV 2+ 2I − ) was synthesized by dimethylation of dipyridinogermole (DPyG). Viologen GMV 2+ 2I − showed a UV absorption band at 270 nm, similar to DPyG and longer than the corresponding bridge-free methylviologen (MV 2+ 2I − ). Electrochemical properties of GMV 2+ 2I − were investigated with respect to cyclic voltammograms, showing highly reversible two step reduction, like MV 2+ 2I − . Interestingly, GMV 2+ 2I − exhibited enhanced electron-affinity with higher 1 st reduction potential by approximately 0.08 V than that of MV 2+ 2I − , likely due to the effects Ge-bridge lowering the LUMO energy level. However, the 2 nd potential was little affected by the bridge. Clear electrochromic colour changes based on the reversible electrochemical interconversion among GMV 2+ /GMV + /GMV were observed in acetonitrile. Monomethylated DPyG (GMV′ + I − ) was also prepared, whose properties are discussed in comparison with those of DPyG and GMV 2+ 2I − .
Introduction
Viologen (4,4B-bipyridinium) is a widely studied functional chromophore because of its splendid characteristics such as high electrochemical stability, high electron-affinity, water solubility, and synthetical simplicity. 1 They exhibit highly reversible electrochemical reduction with clear colour changes as illustrated for methylviologen (MV 2+ ) in Scheme 1, being applicable to electrochromic displays. Efforts to develop new viologen-based materials have been extensively made to date, by tuning the electronic states by chemical modification of the system, including the introduction of an organic bridging unit at the 2,2B-position. 2, 3 Recently, Baumgartner et al. reported the synthesis of a phosphine oxidebridged methylviologen (POMV 2+ ) by treatment of their original compound, dipyridinophosphole oxide (DPyPO) with methyl triflate (Chart 1). 3 Bridged viologen POMV 2+ thus obtained showed pronounced electron affinity as compared to bridge-free MV 2+ , attributable to the nature of bridging phosphine oxide unit, thus leading to the lowered reduction threshold.
Similar bridging effects are often observed for group 14 elementbridged biaryls, such as dibenzo-and dithienometalloles. 4 These metalloles possess low lying LUMO arising from Q*-O* interaction between the orbitals of bridging element and biaryl O-system and a number of applications of the metalloles such as for organic light emitting diodes, 5 organic field effect transistors, 6 and organic photovoltaics 7 have been explored. Very recently, we prepared group 14 dipyridinometalloles for the first time (DPyS and DPyG in Chart 1) and demonstrated their enhanced electron-affinity as compared to bridge-free bipyridyl and solid-state phosphorescent properties. 8 Hoping that the introduction of a group 14 elementbridge enhances the electron-affinity of the viologen system, we prepared a Ge-bridged methylviologen derivative (GMV 2+ ) by dimethylation of DPyG that was accessible more easily and found to be more electrochemically stable than dipyridinosilole (DPyS).
Experimental

General
All reactions were carried out in dry argon. Acetonitrile used as the reaction solvent was dried by passing through an activated alumina column and stored over activated molecular sieves until use. The starting germole DPyG was prepared as reported in the literature. 8 NMR spectra were recorded on a Varian 400-MR spectrometer. ESI mass spectra were measured on a Thermo Fisher Scientific LTQ Orbitrap XL spectrometer at N-BARD Hiroshima University. UV-Vis absorption and PL spectra were measured on Hitachi U-3210 and HORIBA FluoroMax-4 spectrophotometers, respectively. UV-Vis absorption spectra with electrochemical reduction were measured using ALS SEC2000 Spectra System and ALS 600a Electrochemical Analyzer. Electrochemistry Received: February 25, 2015 Accepted: May 25, 2015 Published: August 5, 2015 The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.83.605
Synthesis of GMV 2© 2I −
To a solution of 114 mg (0.300 mmol) of DPyG in 10 mL of acetonitrile was added 0.045 mL of methyl iodide (2.4 eq) and the mixture was heated to reflux for 12 h. After evaporation of the volatile substances under reduced pressure, the residue was purified by recrystallization from methanol to afford GMV 2+ 2I ¹ in 95% yield (172 mg, 0.284 mmol) as a dark-red solid. mp >300°C; 9.12 (d, 2H , J = 6.4 Hz, pyridine), 9.36 (d, 2H , J = 6.4 Hz, pyridine), 9.75 (s, 2H, pyridine) ; 13 C NMR (D in DMSO-d 6 ) 12. 70, 87.81, 93.48, 94.37, 95.56, 99.22, 102.81, 112.57, 114.49, 119.92 ; ESI Exact MS m/z Calcd for [M 2+ ] C 24 H 22 N 2 Ge: 206.04919, Found: 206.04889.
Synthesis of GMV′ © I −
To a solution of 114 mg (0.300 mmol) of DPyG in 10 mL of dichloromethane was added drop wise 0.045 mL of methyl iodide (2.4 eq) with cooling in an ice bath and the mixture was stirred at room temperature for 24 h. After evaporation of the volatile substances under reduced pressure, the residue was purified by recrystallization from methanol to afford GMV¤ + I ¹ in 54% (85 mg, 0.163 mmol) as an orange-red solid. mp >300°C; 1 H NMR (DMSO- 9.41 (s, 1H, pyridine), 9.60 (s, 1H, pyridine) ; 13 C NMR (DMSO-d 6 ) D 47. 84, 120.25, 121.52, 129.20, 130.90, 131.37, 133.32, 134.69, 136.96, 147.70, 149.08, 149.29, 152.64, 155.18, 159.25 
Results and Discussion
Methylation of DPyG was conducted by treatment with methyl iodide in acetonitrile at the reflux temperature to give Ge-bridged methylviologen GMV 2+ as a diiodide salt in 95% yield (Scheme 2). A similar reaction under milder conditions, i.e. in dichloromethane from 0°C to room temperature, gave a mono-methylated analogue (GMV¤ + ) in 54% yield. GMV 2+ 2I ¹ and GMV¤ + I ¹ were afforded as orange and red solids, respectively. They were soluble in polar solvents such as acetonitrile, ethanol, methanol, and water, but slightly soluble in ethyl acetate, and insoluble in non polar hexane.
UV-Vis absorption spectra of GMV 2+ and GMV¤ + were measured in ethanol as shown in Fig. 1 and the absorption maxima are listed in Table 1 . Mono-methylated spieces GMV¤ + exhibited a red-shifted absorption band from those of DPyG and GMV 2+ , likely due to the unsymmetrical structure, which allowed donor-acceptortype interaction to decrease the HOMO-LUMO energy gap. DFT calulations of the models (DPyG0, GMV0¤ + , and GMV0 2+ ) were performed at the level of B3LYP/6-31+G(d,p) in a PCM model with acetonitrile as the solvent and the results are depicted in Fig. 2. 9 The HOMO-1 of DPyG0 and the HOMO of GMV0¤ + are n-type, while the LUMOs of these compounds are all O-type. In contrast to DPyG0 and GMV0 2+ , GMV0¤ + possesses unsymmetrical Oorbitals. The LUMO is more localized on the pyridinium ring rather than the pyridine ring. The HOMO-1 and HOMO-2, on the other hand, are more localized on the pyridine ring. The O-O* energy gaps for the models are listed in Table 2 , suggesting the smallest energy gaps for GMV0¤ + , in agreement with the experimental observation.
The absorption maximum of GMV 2+ appeared in between those of MV 2+ and POMV 2+ in accordance with the red-shifted absorption bands of thier parent bipyridyls in the order of 4,4Bbipyridyl < DPyG < DPyPO. 3, 8 The solid state photoluminescence spectrum of GMV¤ + is presented in Fig. 3 , revealing a maximum at 408 nm at room temperature, again red-shifted from that of DPyG, while GMV 2+ showed no detectable emission under the same conditions. Previously, we demonstrated that DPyG showed solid state phosphorescence as a broad band centred at approximately 480 nm at low temperature with a quantum yield of 22% at 77 K. In contrast to this, no phosphorescence was detected for GMV 2+ and GMV¤ + even at 77 K in either the solid states or solution phase. Electrochemistry, 83 (8), 605-608 (2015) Electrochemical properties of GMV 2+ and GMV¤ + were studied by CV (cyclic voltammetry). We also carried out CV measuremet of MV 2+ under the same conditions, for comparison. As depicted in Fig. 4(a) and (b), CV of GMV 2+ and GMV¤ + revealed two redox couples. Repetitive CV scanning for GMV 2+ showed nearly no changes up to 10 cycles, indicating high electro-stability. This is in marked contrast to DPyG that underwent only pseudo reversible cathodic reduction and the intensity of anodic counterpart was reduced to approximately 30% of that of the reduction peak even at the first scanning.
Monomethylated species GMV¤ + showed lower reduction potential and slightly less stable properties than GMV 2+ . It showed a reversible CV profile for the first reduction, while on the second reduction the peaks were suppressed gradually by repetitive scanning. It is noteworthy that the first reduction potential of GMV 2+ is higher than that of MV 2+ 2I ¹ (Table 2) . This clearly indicates the pronounced electron-affinity of GMV 2+ 2I ¹ by introducing the Ge-bridge, although the second reduction potentials of GMV 2+ and MV 2+ are nearly the same. However, the effects are not as large as those of the phosphine oxide bridge in POMV 2+ . As shown in Fig. 2 , the LUMO profile of model GMV0 2+ shows no significant contribution of Q*-O* interaction, in contrast to our expectation. The highly planar structure due to the bridge seems to be primarily responsible for the pronounced electron-affinity of GMV 2+ as compared with MV 2+ .
To examine the electrochromic properties of GMV 2+ and GMV¤ + , we measured their UV-Vis absorption spectra at each reduction states (Fig. 5) . The measurements were conducted after bulk electrolysis (approximately 80 s, until the current reached the steady state) at each potentials of ¹0.15, ¹0.55, ¹1.10, and ¹1.65 V vs. Fc/Fc + for GMV 2+ and ¹1.15, ¹1.75, and ¹2.35 V for GMV¤ + . At the potentials higher than the first reduction potential of dipyridinium GMV 2+ (¹1.10 V), no changes were observed and the spectra at ¹0.15 V and ¹0.55 V were fully overlapped. At ¹1.10 V, two new absorption bands appeared around 400 and 600 nm, and one high-energy band approximately at 280 nm Electrochemistry, 83 (8), 605-608 (2015) disappeared. On the second reduction at ¹1.65 V, the lowest energy absorption approximately at 600 nm disappeared. The colour changes were examined by bulk electrolysis using Pt mesh electrodes. A nearly colourless solution of 0.1 M GMV 2+ before reduction turned to deep blue on the first reduction (GMV + ), then turned to yellow on the second reduction (GMV). These processes were completely reversible. Similarly, GMV¤ + showed color changes from colorless (¹1.17 V) to red (¹1.75 V) then yellow (¹2.35 V). The spectra revealed no bands at 600 or longer wavelength, in contrast to those of GMV 2+ .
Conclusions
In summary, we synthesized Ge-bridged methylviologen GMV 2+ for the first time and demonstrated its pronounced conjugation and electron-affinity as compared with bridge-free methylviologen MV 2+ 2I ¹ . Like MV 2+ , GMV 2+ exhibited highly reversible two step reduction in its CV and clear electrochromic properties depending on the applied potentials were observed. The degree of conjugation and electron-affinity of viologen derivatives is highly dependent on the nature of bridges. Although the effects of Gebridging are rather small, relative to that of phosphine oxide, easy accessibility of DPyG and the electrochemical stability of GMV 2+ still indicate the usefulness of the Ge-bridge for fine tuning of the electronic structure of viologen system. Electrochemistry, 83 (8), 605-608 (2015) 
